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Magnetoresistance is the change of a material’s electrical resistance in response to an ap-
plied magnetic field. In addition to its intrinsic scientific interest, it is a technologically im-
portant property, placing it in “Pasteur’s quadrant” of research value: materials with large
magnetorsistance have found use as magnetic sensors1, in magnetic memory2, hard drives3,
transistors4, and are the subject of frequent study in the field of spintronics5, 6. Here we report
the observation of an extremely large one-dimensional positive magnetoresistance (XMR) in
the layered transition metal dichalcogenide (TMD) WTe2; 452,700% at 4.5 Kelvin in a mag-
netic field of 14.7 Tesla, and 2.5 million% at 0.4 Kelvin in 45 Tesla, with no saturation. The
XMR is highly anisotropic, maximized in the crystallographic direction where small pockets
of holes and electrons are found in the electronic structure. The determination of the origin
of this effect and the fabrication of nanostructures and devices based on the XMR of WTe2
will represent a significant new direction in the study and uses of magnetoresistivity.
Large magnetoresistance (MR) is an uncommon property, mostly displayed by magnetic
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compounds. Giant Magnetoresistance (GMR)7, 8 and Colossal Magnetoresistance (CMR)9, 10, are
exhibited by thin film metals and manganese-based perovskites, for example. In contrast, ordinary
magnetoresistance, a relatively weak effect, is commonly found in nonmagnetic compounds and
elements11. Magnetic materials typically show negative magnetoresistances (where MR is defined
as
ρ(H)−ρ(0)
ρ(0)
, is typically reported as a percent figure, and ρ(H) is the resistivity in an applied mag-
netic field, H). Positive magnetoresistance is seen in both metals and semiconductors, where it is
usually at the level of a few percent for metals; semiconducting silver chalcogenides show magne-
toresistances up to 350%, comparable with CMR materials12. For single carrier type semiconduc-
tors, the MR behaves like (1+µH2) where µ is the carrier mobility; high mobility semiconductors
can therefore exhibit relatively large effects13.
WTe2 is a TMD crystallizing in a distorted version of the common layered MoS2 structure
type14. TMDs are known to display many interesting properties, such as catalysis of chemical
reactions15, charge density waves (CDW)16, superconductivity17, have been exfoliated to fabricate
interesting nanosctructures18, 19, and now, we report, can display extremely large magnetoresis-
tance. In the layered TMD compounds, metal layers are sandwiched between adjacent chalco-
genide layers; this dichalogenide sandwich stacks along the c-axis of the hexagonal structure, with
van der Waals bonding between layers. Due to this anisotropic bonding, layered TMDs are typi-
cally electronically two-dimensional. In WTe2, however, there is an additional structural distortion
− tungsten chains are formed within the dichalcogenide layers along the a-axis of the orthorhombic
unit cell, making the compound structurally one-dimensional (Figure 1a). WTe2 is semi-metallic
and has previously been investigated for thermoelectric applications in solid solutions with WSe2
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and MoTe220.
Here we report the discovery of an extremely large positive magnetoresistance (XMR) in
WTe2 of up to 452,700% at 4.5 Kelvin in an applied field of 14.7 Tesla (T) when the current
direction is along the tungsten chains (a-axis) and the magnetic field is applied perpendicular to
the dichalcogenide layers, along the c-axis. The magnetoresistance is still increasing at 45 T, the
highest field in our measurements, where it has a value of 2.5 million percent with no saturation. It
is especially surprising that this XMR is present in a non-magnetic, non-semiconducting system.
WTe2 has a highly anisotropic electronic structure, with small pockets of holes and electrons in the
directions where the XMR is maximized. The XMR is very anisotropic; largest along the chain
direction, and dropping by more than 90% when the magnetic field is applied in other directions,
making this the largest one-dimensional magnetoresistance ever reported. The effect becomes
significant at temperatures below ≈ 150 K; with the temperature of the “turn on” increasing with
the magnitude of the applied magnetic field. Electron diffraction patterns taken at low temperatures
indicate that the origin of the observed effect is not linked to the onset of a charge density wave or
a Peierls-like distortion in the tungsten chains.
The temperature dependent resistivity under various applied magnetic fields (µ0H up to 14.7
T) is presented in Figure 2 on both logarithmic (main panel) and linear scales (lower inset). In zero-
field, the room temperature resistivity is 0.6 mΩcm and falls to 1.9 µΩcm by 2 K, yielding a RRR of
≈ 370. When a field is applied, the resistivity of the sample essentially follows the zero-field curve
until it is cooled close to the “turn on” temperature, T∗, (taken as the minimum in the resistivity)
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below which the resistivity begins to dramatically increase. The magnetoresistance effect at low
temperatures is extremely large, reaching 452,700% by 4.5 K in a 14.7 T field. The “turn on”
temperature is shifted to higher temperature (at the rate of ≈ 4.4 K/T, upper inset) as larger fields
are applied, implying a competition between dominating scattering mechanisms (phonon scattering
and an as-yet unidentified mechanism responsible for the XMR). TEM electron diffraction studies
(Figure 1c) at low temperature in a ≈ 2.8 T field (the field in the TEM at the sample position) show
no evidence of a structural phase transition or the onset of a charge density wave to accompany the
onset of the XMR effect.
Figure 3a shows the field-dependence of the XMR at various temperatures. The upper inset
is a zoom of the main panel to clarify the XMR at higher temperatures while the lower inset shows
the Shubnikov de Haas (SdH) quantum oscillations. The high quality of the crystals is shown
not only in the high RRR, but also by the SdH oscillations in Figure 3b. The oscillations have
been extracted after fitting a 2nd order polynomial to the 4.5 K parallel field measurement and
subtracting that as background. They become visible by 6 T, begin increasing in amplitude, and
then become dampened around 10.5 T before reemerging with much larger amplitude near 12.3
T. This behavior may be due to the interference between oscillations arising from the hole and
electron pockets (see below) as their waves beat against each other. Figure 3b shows the 4.5 K MR
field-dependence on the angle of the applied field to c-axis. When the field is aligned parallel to
the c-axis the XMR effect is maximized with an ρ(14.7)−ρ(0)
ρ(0)
= 4527 (452,700%). As the field is
rotated to align parallel to either the a-axis or the b-axis, the MR effect is greatly diminished and
dies like the cosine of the angle; this large anisotropy could be due to the very anisotropic Fermi
4
surface of WTe2 and scattering rates. Measurements up to 45 T at 0.4 K show an XMR of ρ(45)−ρ(0)ρ(0)
≈ 25,000 (MR ≈ 2,500,000%) with strong quantum oscillations and still no resistivity saturation
(Figure 3c). The magnetic field dependence of the resistivity is close to quadratic at intermediate
fields (1-11 T), but displays a different field dependence at both higher and lower applied magnetic
fields.
Our electronic structure calculations show WTe2 to be a semimetal where the valence band
and conduction bands barely cross the Fermi energy at different places in the Brillouin zone (Fig-
ure 4a), an electronic structure that is reminiscent of that of the excitonic insulator TiSe221. The
detailed shape of the Fermi surface is (Figure 4b) very sensitive to the position of the Fermi level.
The band structure shows the electron and hole pockets along the Γ - X direction that make WTe2 a
semimetal, as well as a potential second set of electron and hole pockets forming along Z - U. The
Γ - X direction in reciprocal space corresponds to the a-axis in real space, or along the tungsten
chains. Since the Z - U direction is parallel to the Γ - X direction, but shifted along kz into the
perpendicular face of the Brillouin zone, this potential second crossing would change the pockets
into tubes in the Fermi surface. Future ARPES study and more detailed transport analysis and
characterization of the quantum oscillations will be needed to determine the details of the Fermi
surface and form a basis for understanding the observed XMR.
With a positive magnetoresistance this large, and the one-dimensional behavior of the XMR
there are few comparable systems to WTe2. The closest case appears to be high purity Bismuth,
a semimetal with pockets in its Fermi surface,11, 22, 23 which also shows extremely large positive
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magnetoresistance24 comparable in magnitude to what is reported here. WTe2 is different from Bi
in a number of fundamental ways; for example, WTe2 is structurally one-dimensional and shows
an extreme one-dimensional anisotropy in its XMR, the XMR in WTe2 has a sharper “turn on”
temperature than is seen in Bi, WTe2 is a semimetal with extremely small overlap between valence
band and conduction band states, resembling an excitonic insulator21, and ordinary purity WTe2
shows the effect. Particularly important from a materials development perspective is the fact that
WTe2 is a layered TMD that can be easily exfoliated and therefore form the basis for thin films and
advanced nanostructures similar to MoS219.
The single crystals made in this study were crudely exfoliated by using double sided tape,
and thicknesses down to a few microns were easily achieved. Evaporation growth and subsequent
annealing to make single crystal thin films may enhance the MR effect seen here due to higher
crystal quality. Hybrid structures of various kinds, such as layering WTe2 with magnetic films,
combined with the XMR effect may be useful in devices such as highly sensitive low temperature
magnetic field sensors or high field temperature sensors in cryogenics. In particular, the one-
dimensional aspect of the anisotropic MR in WTe2 may be useful in low temperature magnetic
field sensing and, especially, orienting. In fact, recently it was reported that below 20 K or above 5
T25, 26 the materials currently used for temperature or field measurements are prone to large degrees
of error. In contrast, however, this regime is actually where WTe2 performs best. The ease with
which this system can be exfoliated as well as the effect that even small changes in the Fermi level
may have on the properties makes it an ideal candidate for electron gating experiments. Careful
chemical doping and intercalation of WTe2 may also be key in elucidating the cause of the XMR
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and potentially unlocking further properties of interest.
Methods
High quality single crystals of WTe2 were grown via Br2 vapor transport. Tungsten powder was
ground together with purified Tellurium, pressed into a pellet, and heated in an evacuated quartz
tube at 700 ◦C, homogenized, then reheated at 750 ◦C for 2 days each. This final pellet was ground
into a fine powder and a temperature gradient of 100 ◦C between 750 ◦C - 650 ◦C was used for
crystal growth, with a Br2 concentration of ≈ 3 mg/ml in a sealed quartz tube for 1 week. Opti-
mal crystals were obtained under these conditions; crystals grown at higher temperatures showed
substantially lower residual resistivity ratios (RRR) ρ(300K)
ρ(2K)
and degraded magnetoresistance. The
need to employ low temperature synthesis to avoid defect formation that degrades properties is fre-
quently observed in TMDs, for example in TiSe227. The crystals grew as thin ribbons (Figure 1b),
with the long direction being the W-W chain direction and the larger flat faces being perpendicular
to the stacking direction of the layers.
WTe2 crystals were structurally and chemically characterized by powder-XRD to confirm
bulk purity, single crystal XRD to determine crystal growth orientation, SEM-EDX for chemical
analysis, and TEM to search for a low temperature phase transition. For general electronic charac-
terization, SQUID magnetometer measurements revealed weak diamagnetism typical of a metal,
and thermopower measurements confirm a previously reported n-p type crossover at 65 K in a
0 T field and n-type Hall effect behavior down to 2 K 28. In resistivity measurements, electrical
anisotropy was found; the tungsten chain direction (the a-axis) had the lowest resistivity.
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Powder x-ray diffraction patterns were collected using Cu Kα radiation on a Bruker D8
Focus diffractometer with a graphite monochromator. Single crystal x-ray diffraction data was
collected on a Bruker APEX II using Mo Kα radiation (λ = 0.71073 A˚) at 100 K. Scanning elec-
tron microscopy and energy dispersive x-ray analysis were carried out on a FEI Quanta 200 FEG
Environmental-SEM and was used to determine the composition of the crystals. Electron diffrac-
tion was carried out in a JEOL 3000F transmission electron microscope equipped with a Gatan
liquid-helium cooling stage.
The magnetoresistance of WTe2 samples was measured using the 4-point probe method in a
Quantum Design PPMS and with a Delta-mode method by a Keithley 6221 current source meter
and a 2182A nanovoltmeter. The high-field dependent data were taken at 4.5 K up to 14.7 T
in an American Magnetics superconducting magnet. Resistivity measurements up to 45 T were
performed at the National Magnet Laboratory. Magnetic susceptibility was measured as a function
of temperature in the 2 - 300 K range at applied fields of 0.3 and 3 Tesla.
The electronic structure calculations were performed in the framework of density functional
theory using the WIEN2K29 code with a full-potential linearized augmented plane-wave and local
orbitals [FP-LAPW + lo] basis30 together with the Perdew Burke Ernzerhof (PBE) parametrization
of the generalized gradient approximation (GGA) as the exchange-correlation functional. The
plane wave cut-off parameter RMTKMAX was set to 8 and the Brillouin zone was sampled by
10000 k-points. The convergence was confirmed by increasing both RMTKMAX and the number
of k points until no change in the total energy was observed. The Fermi surface was plotted with
the program Xcrysden.
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Figure 1 (color online): Structural considerations. Panel a) the crystal structure of WTe2, showing the layered nature, typical
of what is seen for transition metal dichalcogenides, and also the chains of W atoms along the a-axis distorting the ideal hexagonal
net. All distances are in A˚. Panel b) a typical crystal of WTe2, crystallographic directions marked. The XMR exists when the current
(I) flows along a and the field is parallel to c (see below). Panel c) electron diffraction images looking down the [021] zone showing
the reciprocal lattice at room temperature and low temperature. The data indicate that there has been no structural transition in WTe2
upon cooling (effective magnetic field at the sample in the TEM is about 2.8 T).
Figure 2 (color online): The temperature and field dependence of the extremely large magnetoresistance in WTe2. Main panel -
log of resistivity vs temperature. Lower inset, resistivity vs. temperature showing turn on of the effect. T* is defined as the temperature
where the resistivity is a minimum - an approximation of the turn on temperature of the XMR. Upper inset, the linear dependence of
T* on magnetic field, the slope is equal to 4.4 K/T.
Figure 3 (color online): Field and angular dependence of the XMR in WTe2. Panel a) the field dependence of the XMR in WTe2
with the current along the W-W chains and the applied field parallel to the c-axis from 0 - 9 T at representative temperatures. Upper
inset shows detail of the magnetoresistance at higher temperature. Lower inset shows the detail of the quantum oscillations at 4.5 K.
This demonstrates the high quality of the crystal and suggests that carriers in the hole and electron pockets (Figure 4) ‘beat’ against
each other at intermediate field values. Panel b) the angular dependence of the XMR at 4.5 K shows that the effect is one-dimensional;
it is maximized when H is parallel to c and goes to 0 when H is perpendicular to c. The main panel shows the MR as the applied field
is rotated to be parallel to a and the inset shows the same effect when the field is rotated to be parallel to b. Panel c) The XMR of
WTe2 up to 45 T. The m = 1.96 line is from a fit of ρ(H)ρ(0) α Hm from 1 - 11 T, m = 1.56 line is from a fit of
ρ(H)
ρ(0)
α Hm from 11 - 45 T. m
= 1 at low field is a guide to the eye.
Figure 4 (color online): The electronic structure of WTe2, calculated including spin orbit coupling. a) The energy vs. wavevector
relationships for high symmetry directions in the orthorhombic brillouin zone. Note the semimetal character due to the crossing of the
hole and electron bands near Γ. b) Detail of the calculated electronic structure in the Γ - X and Γ - Z directions and similar detail
showing the possible crossing of the states between Z and U. c) The Fermi surface of WTe2 showing electron (yellow) and hole (blue)
pockets displaced from the Γ point and aligned along the chain direction.
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